Abstract-This paper discusses the suitability of four-phase, five-phase, and six-phase modular machines, for use in applications where servo characteristics and fault tolerance are key requirements. It is shown that an optimum slot number and pole number combination exists, for which excellent servo characteristics could be achieved, under healthy operating conditions, with minimum effects on the power density of the machine. To eliminate torque ripple due to residual cogging and various fault conditions, the paper describes a novel optimal torque control strategy for the modular permanent-magnet machines operating in both constant torque and constant power modes. The proposed control strategy enables ripple-free torque operation to be achieved, while minimizing the copper loss under voltage and current constraints. The utility of the proposed strategy is demonstrated by computer simulations on a four-phase fault-tolerant drive system.
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I. INTRODUCTION

B
RUSHLESS permanent-magnet servomotors are increasingly being used in a variety of applications due to their high power density, high efficiency, and excellent dynamic performance as compared with other motor drive technologies. However, the presence of torque ripple in brushless permanent-magnet motors is often a major concern in applications where speed and position control accuracy is of great importance. Conventional three-phase permanent-magnet brushless servo motors embody design features such as distributed windings and/or stator/rotor skew, in order to minimize the cogging torque and harmonics in the induced electromotive force (EMF) [1] - [4] , which result in increased manufacturing costs and reduced efficiency and power density. Furthermore, for applications where in addition to good servo characteristics, a degree of fault tolerance is also required, conventional brushless servo motors, would not meet the reliability requirements.
Modular permanent-magnet brushless machines, Fig. 1 , differ significantly from conventional brushless machines, in that only alternate stator teeth carry a wound coil, which is conducive to low-cost, high-volume manufacturing, for applications in, for example, the automotive market, where a three-phase modular design is preferred and the machine can be driven by a conventional three-phase inverter. In addition, since the phase windings are es- sentially isolated, magnetically, thermally and physically, their fault tolerance is significantly higher [5] - [7] . Furthermore, for a given number of phases, a relatively large number of combinations of stator slots and rotor poles exist [8] .
Generally, it is assumed that modular machines have a sinusoidal back-EMF waveform, so that the current controller is required to track a set of sinusoidal current commands proportional to a given torque demand. However, this simple control strategy inevitably results in an undesirable torque ripple during normal operation if the back-EMF waveform is nonsinusoidal, and a large torque pulsation under a fault condition, such as an open-circuited or a short-circuited phase. While this problem may be partly overcome by adopting an optimal torque control strategy which is aimed at minimizing the copper loss when delivering the required torque demand [11] - [13] , the effectiveness of existing strategies is limited by the available converter 0093-9994/03$17.00 © 2003 IEEE voltage, since, by minimizing the copper loss, the resulting current command tends to be in phase with the back EMF. Consequently, at high speed the controller cannot track the commanded currents due to the limited converter voltage.
Many safety critical applications require a fault-tolerant drive to operate over a wide speed range, encompassing both constant torque and constant power operating modes. However, although, theoretically, a fault-tolerant brushless machine with one per unit inductance should be able to operate over an infinitely wide constant power region [14] , existing control methods do not provide an effective means of facilitating such operation under both normal and faulted conditions. As a result, the potential power capability of modular machines is significantly compromised.
This paper discusses the suitability of four-phase, five-phase, and six-phase modular machines, for use in applications where servo characteristics and fault tolerance are key requirements, when a conventional sinusoidal phase current excitation is employed. It is shown that an optimum slot number and pole number combination exists, for which excellent servo characteristics could be achieved, under healthy operating conditions, with minimum effects on the power density of the machine. However, since a phase short-circuit or open-circuit fault, will result in significant torque ripple, the paper also describes a generalized optimal torque control strategy, applicable to both constant torque and constant power operating regions, and enables a ripple-free torque to be produced under healthy and faulted conditions.
II. EMF HARMONIC DISTORTION AND COGGING TORQUE
A. EMF Harmonics
In brushless ac servomotors, with sinusoidal phase current waveforms, harmonic distortion in the EMF and cogging are the two main sources of ripple in the output torque, and several techniques, such as winding distribution and rotor/stator skew are employed, in order to achieve sinusoidal EMF waveforms and reduce cogging.
For a healthy -phase machine, the electromagnetic torque is given by (1) where is the peak phase current, is the speed of the motor, is the number of pole pairs of the permanent magnets, and is the amplitude of the th EMF harmonic. Since there are no even-order harmonics in the air-gap flux density distribution due to the permanent magnets, is a positive odd number. Equation (1) can be written as (2) Thus, (3) Therefore, an EMF harmonic of order contributes to the generation of torque ripple only if , where is an integer. Thus, the EMF harmonics, which interact with the sinusoidal phase current waveforms to generate torque ripple, are as follows:
• , for a three-phase machine;
• , for a four-phase machine;
• , for a five-phase machine; • , for a six-phase machine. Consequently, for a four-phase machine all EMF harmonics will contribute to the generation of torque ripple,and conversely, for a five-phase machine only the higher order EMF harmonics, which are of small/negligible magnitude, generate torque ripple.
B. Slot Number and Pole Number Combination
In addition to other design parameters, such as magnetization distribution, slot opening, air-gap length, pole-arc-to-pole-pitch ratio, etc., the slot number and pole number combination of a particular design represents a good indication of its cogging performance. Recent work by the authors [8] showed that for a given number of phases of a modular machine a large number of feasible pole number and slot number combinations exist. Table I shows the smallest common multiple, , of the number of slots, , and the number of poles, , and the optimal pole-arc-to-pole-pitch ratio for minimizing the fundamental component of cogging torque [10] (neglecting the fringing magnet flux into the slots), , of feasible one coil per phase modular machine variants. It can be seen that a large number of design variants exist, and it can also be seen that for most design variants, the optimal pole-arc-to-pole-pitch ratio is relatively large. Fig. 1 shows schematics of a four-phase, a five-phase, and a six-phase modular fault-tolerant permanent-magnet brushless machine, respectively, which have been designed to meet the specification requirement of an electromechanical actuator for the more-electric aircraft. The three machines are equipped with parallel-magnetized Sm Co permanent-magnet arcs, and have been chosen from a number of one coil per phase modular machine variants. Two-dimensional finite-element analysis has been employed to predict the EMF and cogging torque waveforms of the four-phase, five-phase, and six-phase machines and their one coil per phase variants. The machines with the same number of phases have the same stators, the same air-gap length and the same magnet thickness and magnetization distribution. Fig. 2 compares predicted and measured EMF and cogging torque waveforms for the six-phase machine, shown in Fig. 1(c) , where it can be seen that a good agreement exists. Tables II-IV show the peak cogging torque, as a percentage of the rated torque, the total harmonic distortion (THD) in the EMF, and the EMF fundamental for the four-phase, five-phase, and six-phase machines and their one coil per phase design variants, respectively, when employing one magnet per pole as well as two magnets per pole, each being half the axial length of the rotor, and displaced by half the period of the cogging torque waveform, Fig. 3 . In addition, only the EMF harmonics, which contribute to the generation of torque ripple when the machine is supplied by sinusoidal phase current waveforms, are considered in the THD. It can be seen that since for the four-phase designs all EMF harmonics contribute to the generation of torque ripple, these exhibit large THDs in the EMF. Thus, a four-phase design may not be suitable for applications where a servo characteristic is required. It can also be seen that some slot number and pole number combinations of five-phase and six-phase design variants would exhibit excellent servo characteristics simply by choosing an optimal pole-arc-to-pole-pitch ratio and/or choosing two magnets per pole, with a negligible loss in torque capability.
III. DESIGN VARIANTS OF MODULAR MACHINES
The combinations of 10-slot and 8-pole/12-pole, for the fivephase option, and 12-slot and 10-pole/14-pole, for the six-phase option, represent an optimum in the one coil per phase modular machine category.
IV. OPTIMAL TORQUE CONTROL STRATEGY
For an -phase modular permanent-magnet machine equipped with a surface-mounted magnet rotor, the electromagnetic torque which results when a fault occurs on phase , is given by for an open-circuit fault for a short-circuit fault (4) where is the instantaneous current in phase , and is the instantaneous torque of phase at a given rotor angular position , where is the magnet flux linkage with phase and is the number of pole -pairs, and similarly for the faulted phase . In the above discussion, a winding short-circuit fault at the terminals is considered. In the case of a partial, inter-turn short circuit, the resulting current in the shorted turns will be much greater than that which results with the terminal short circuit. The controller must immediately short the terminals via the power converter in order to bring the current in the shorted turns back to the level of the short-circuit current at the terminals, upon the detection of the shorted turn fault [15] . The subsequent optimal torque control, therefore, deals with the case of a winding short circuit at terminals. For a given torque demand , the optimal instantaneous currents in the healthy phases can be determined by minimizing a cost function defined as (5) subject to the following: (6) and current and voltage constraints where is a weighting factor which is dependent on the speed and torque demand, is the self-inductance of each phase, and given by for an open-circuit fault for a short-circuit fault (7) represents the uncontrollable torque ripple caused by a winding fault and the cogging torque, , which may still exist even if all the design parameters mentioned previously have been optimized. A closed-form solution for the above optimization may be obtained using the quadratic programming technique. First, considering the torque demand of (6), and introducing a Lagrange multiplier , the augmented cost function is given by (8) At the optimal solution, the cost function must satisfy (9) Substituting (8) into (9), and solving for yields the instantaneous phase currents given by (10) When current and voltage limits are taken into account, a simple algorithm can be used to adjust the results in (10) . By way of example, assuming the current in a healthy phase reaches the current limit , the maximum torque contribution from this phase is (11) The remaining phases are treated as a new subset, and the their optimal current demands are determined in a similar manner as previously described. Thus, (12) The new set of current demands are checked to identify if any phase current reaches its limit. This process is repeated until all the current demands satisfy the current limit constraint. The voltage limit constraint can be dealt with in a similar manner.
As will be seen from (5), the weighting factor dictates the amount of flux-weakening effect in the optimization process. Below the base speed , which is defined as the maximum speed at which the drive system can produce rated smooth torque without flux weakening, the weighting factor is set to zero. Therefore, the objective function becomes , which is equivalent to minimizing the copper loss . Above the base speed, is a nonzero positive number, which specifies the magnitude of the flux weakening, and varies as a function of both the speed and the torque demand in a manner given by (13) where is the rated torque at the base speed . The optimization is, therefore, weighted to minimize the copper loss and the total flux linkage. As a result, the back EMF is decreased by the effect of flux weakening, and the machine can deliver smooth torque throughout the constant-power operating region.
V. S IMULATION RESULTS
The proposed optimal torque control strategy has been implemented by computer simulation on a four-phase, 8-slot, 10-pole modular machine, a schematic of which is shown in Fig. 1(a) . This machine is chosen because it exhibits the largest EMF harmonics and, hence, is more demanding in order to achieve a torque ripple free operation by means of the optimal torque control strategy developed in Section IV. The fundamental EMF, the phase inductance, and the resistance of the machine are given in Table V. Each phase is controlled separately from an H-bridge with a dc supply of 45 V. Fig. 4 compares the torque waveform of the healthy four-phase modular machine with that which results when a phase is short circuited, the controller being required to track a set of sinusoidal current commands to produce the rated torque of 21.36 N m at a rotor speed of 100 rad/s. As will be seen, due primarily to EMF harmonics and the short-circuit fault, 11.3% and 55.1% torque ripples exist under healthy and fault conditions, respectively. However, these torque ripples can be eliminated completely by using optimal torque control. Fig. 5 shows the current, voltage, EMF, and torque waveforms of the four-phase machine which result under the short-circuit fault condition with the proposed control strategy operating in the constant torque region for the same torque demand and rotor speed as in Fig. 4 . It is evident that smooth torque is produced at the expense of increased current harmonics and a higher . The peak phase voltages which are required to realize these current trajectories also appear to be much higher than those under a normal operation condition. However, with being set to zero, the optimal solution minimizes the copper loss , with the effect that the phase currents are in phase with their respective EMFs, as illustrated in Fig. 6 . Hence, for a fixed dc-link voltage, the maximum speed at which the rated torque can be produced smoothly under a short-circuit fault condition will be much lower than that under healthy conditions. As the rotor speed increases, the available control voltage to realize the required current trajectories becomes progressively less. Therefore, in order to achieve a smooth torque output, it is necessary to introduce a degree of flux-weakening proportional to the speed and torque demand. Fig. 7 shows the current, voltage, EMF, and torque waveforms of the four-phase modular machine under the short-circuit fault condition with the proposed control strategy operating in the constant power region at a rotor speed of 400 rad/s. As can be seen, a ripple-free torque of 8.25 N m is achieved in the flux-weakening mode even under the short-circuit condition. It is also evident from the phase-2 current and EMF waveforms in Fig. 6(a) and (b) that a significant degree of phase advance in the current with respect to its EMF has been produced to achieve the required flux weakening.
VI. CONCLUSION
The suitability of modular permanent-magnet brushless ac machines for applications in which both a servo characteristic and fault tolerance are required performance attributes has been discussed. It has been shown that optimum combinations of the number of stator slots and the number of rotor poles exist which enable modular machines to satisfy such requirements under healthy conditions. In addition, a generalized optimal torque control strategy has been described, and shown to produce a ripple-free torque under both healthy and faulted conditions, in both constant-torque and constant-power operating regions. He has held academic posts at Brunel and Southampton Universities, and spent a period in industry with NEI Parsons Ltd., working on electromagnetic problems related to turbogenerators. He is currently a Professor of Electrical Engineering at the University of Sheffield, Sheffield, U.K., where he heads the Electrical Machines and Drives Research Group. His research activities span all facets of controlled electrical drive systems, with particular emphasis on permanent-magnet excited machines.
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